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Exercise Alters Gait Pattern but Not Knee Load in
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Six female patients with bilateral medial knee OA and 6 healthy controls were recruited. Patients with knee OA received a 6-week
physiotherapist-supervised and home-based exercise program. Outcome measures, including the Western Ontario and McMaster
Universities Arthritis Index and Short Form-36 Health Survey as well as objective biomechanical indices were obtained at baseline
and follow-up. After treatment, no significant difference was observed in the knee abductormoment (KAM), lever arm, and ground
reaction force. We, however, observed significantly improved pain and physical function as well as altered gait patterns, including
a higher hip flexor moment and hip extension angle with a faster walking speed. Although KAM was unchanged, patients with
bilateral knee OA showed an improved walking speed and altered the gait pattern after 6 weeks of supervised exercise. This finding
suggests that the exercise intervention improves proximal joint mechanics during walking and can be considered for patients with
bilateral knee OA. Non-weight-bearing strengthening without external resistance combined with stretching exercise may be an
option to improve pain and function in individuals with OA who cannot perform high resistance exercises owing to pain or other
reasons.

1. Introduction

Because of the aging of the population, the prevalence of
symptomatic knee osteoarthritis (OA), a common degener-
ative joint disease in the elderly population, has increased
[1]. Approximately 10% of people aged more than 55 years
have painful disabling knee OA, one-quarter of whom are
severely disabled [2]. Patients with knee OA may experience
pain, muscle weakness, limited range of motion, deformity,
and stiffness [3, 4], causing abnormal gait patterns [5, 6] and
reduced health-related quality of life [4]. Treatment of knee
OA includes analgesia and nonsteroidal anti-inflammatory
drugs, intra-articular hyaluronic acid injection, transcuta-
neous electric nerve stimulation, acupuncture, and insoles
[4, 7, 8]. However, these treatments do not address muscu-
loskeletal strength and flexibility. Studies have reported the

therapeutic benefits of exercise on OA symptoms; however,
some of these studies have only been based on data from
subjective evaluations [9, 10], and quantitative analyses of
joint mechanics are limited.

Therapeutic exercise not only reduces OA symptoms
but also delays disease progression and is thus beneficial to
patients with knee OA [10, 11]. The duration of exercise in
studies on the effect of exercise ranges from 4 [11] to 12
weeks [9, 12–14]. Because quadriceps muscle weakness is
a frequent finding among patients with knee OA [15] and
is associated with pain intensity, physical dysfunction, and
decreased function [15, 16], quadriceps strengthening is
commonly prescribed for OA knees because it reduces pain
and improves function [12, 14]. Although evidence exists
that quadriceps strengthening benefits patients with knee
OA, increased quadriceps strengthening alone may increase
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compression forces across the knee joint [17]. An exercise
regimen that includes both strengthening and stretchingmay
prevent this possible side effect. However, few studies have
evaluated the effect of strengthening exercises on muscle
groups other than the quadriceps [11, 13, 18, 19]. Apart from
strengthening the lower extremity muscle groups, stretching
is an essential component in the clinical intervention for knee
OA; however, evidence of the beneficial effect of stretching is
limited [11, 19]. Therefore, the effect of exercise that includes
both strengthening and stretching in the sagittal and frontal
planes on improving the gait pattern remains unclear for
patients with knee OA.

An increased knee abductor moment (KAM) is strongly
correlated with increased compressive medial compartment
load [20], knee pain, OA severity, and rate of progression
[21]. KAM is therefore used as a biomechanical index for
evaluating the efficacy of interventions, such as orthoses and
exercise, in people with medial knee OA [11–14, 18, 19]. Some
studies have reported that exercise does not reduce KAM
[12–14, 18, 19]; however, Thorp et al. [11] showed that KAM
decreased by 9% after 4 weeks of exercise. KAM is primarily
composed of the ground reaction force (GRF) and lever arm
in the frontal plane; the mechanism by which KAM changes
after exercise, particularly for exercises affecting factors
influencing the GRF and its lever arm, has also not been
reported in the aforementioned studies [11–14, 18, 19]. Thus,
including the GRF and its lever arm available at the knee
joint as biomechanical variablesmay aid in understanding the
contribution of KAM to the effect of exercise on knee OA.

The quadriceps and hamstrings, which act primarily in
the sagittal plane, probably generate minor effects in the
frontal plane; thus, targeting hip abductor musculature may
be another biomechanically based exercise option for medial
knee OA [11]. This concept was proven in a pilot study,
in which a training regimen that emphasized hip abductor
musculature and conventional quadriceps and hamstring
training reduced KAMduring walking, with a 78% reduction
in pain in patients with knee OA. However, Bennell et al.
[13] found that hip strengthening reduced symptoms and
contralateral pelvic drop but not knee load. Factors reducing
KAM include lower gait speed [22], stride length [23],
and pain [24] and a higher toe-out angle [25]. KAM is
also reduced by hip-knee-ankle alignment [25], which is
influenced by the flexibility of 2-joint muscles related to the
knee joint (rectus femoris, hamstring, tensor fasciae latae,
and calf). Moreover, muscle groups, including hip abductors,
tensor fasciae latae, quadriceps, lateral hamstrings, and lateral
gastrocnemius, counteract KAM in healthy adults [26] and
patients with knee OA [24]. Although the causal relationship
between these muscle groups and KAMhas been established,
few studies have investigated the effects of exercise for the
aforementionedmuscle groups onKAM in patients with knee
OA [11, 19].

Because alteration in knee joint mechanics because of
a disease and/or intervention may cause biomechanical
changes in the adjacent joints, changes in joint mechanics at
the hip and ankle are also crucial to gait improvement. Similar
to Bennell et al. [12], Lim et al. [14] and Thorstensson et al.
[19] only observed KAM; however, few studies have focused

on this parameter.Therefore, the purpose of the current study
was to investigate the effect of exercise on objective biome-
chanical indices, including 3-dimensional joint mechanics of
lower extremities, during gait in patients with bilateralmedial
knee OA. We hypothesized that a 6-week supervised lower
extremity exercise program that emphasizes strengthening
at both hip and knee muscles and 2-joint muscle flexibility
around the knee alters gait patterns during walking with
improved physical function and decreased pain in patients
with knee OA.

2. Methods

2.1. Participants. In the current study, 6 patients with
medial knee OA were recruited by a physician (LFH)
and were included in the OA group. These patients met
the following inclusion criteria: (a) bilateral medial knee
OA, (b) Kellgren/Lawrence grade [27] 2 or 3 at the bilat-
eral knee, and (c) ability to walk independently. Patients
were excluded if they had (a) received treatment, such as
surgery, in the past 6 months, injections, or foot orthoses
and (b) patients with DM, other neuromusculoskeletal disor-
ders, visual impairment, or cognitive dysfunction that might
disturb gait. Six age- and sex-matched healthy controls were
recruited, all of whom had normal or corrected-to-normal
vision and no neuromusculoskeletal pathology. The present
study was approved by the human research ethics committee
of our institute (20110802R). Written informed consent was
obtained from all participants.

2.2. Descriptive Measures. TheWestern Ontario andMcMas-
ter Universities Arthritis Index (WOMAC) was used to
assess symptomatic severity in patients in the OA group.
The WOMAC is a disease-specific, self-administered ques-
tionnaire for patients with knee OA that is composed of
3 dimensions (with 24 items): pain (5 items), stiffness (2
items), and physical function (17 items). The results are
scored on a 0–20 scale for pain, 0–8 scale for stiffness, and
0–68 scale for physical function. Higher scores indicate a
higher degree of pain, stiffness, or physical dysfunction. The
quality of life of patients in the OA group was measured
using the 36-item Short Form-36 Health Survey (SF-36) [28],
which is composed of 8 subscales: physical functioning (PF),
role-physical [11], bodily pain (BP), general health (GH),
vitality (VT), social functioning (SF), role-emotional (RE),
and mental health (MH). Each subscale is scored from 0 to
100, and higher scores indicate superior health [28]. We used
the Chinese version of the SF-36, for which psychometric
properties have been established.

2.3. Exercise Program. The objective of the exercise program
was to improve lower extremity strength and flexibility
(Table 1). During the 6-week exercise program, each par-
ticipant underwent a total of 6–12 training sessions under
the supervision of a senior physical therapist. In each 1-hour
supervised session, the therapist ensured the performance
and exercise intensity of the muscle stretching and strength-
ening regimen. Patients also undertook home-based train-
ing sessions during this 6-week period. All exercises were
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Table 1: Exercise program.

Strengthening exercises Perform daily
Repetition: hold for 10 s × 10 repetitions and repeat 3 times

Exercise Performance Clinical observation

Quadriceps strengthening (hip
flexor)

In the supine position, bend the contralateral knee
in flexion; raise the exercise limb with the knee in
full extension to the height of the contralateral
flexed knee.

Avoid lumbar hyperlordosis with back symptoms.

Gluteus maximus strengthening
(hip extensor)

In the prone position, raise the exercise limb with
the knee in full extension to the ceiling. Avoid lumbar hyperlordosis with back symptoms.

Gluteus medius strengthening
(hip abductor)

In the lateral lying position, bend the knee and hip
of the lower leg and raise the upper leg, keeping the
knee straight.

Assure that hip joint remains in slight extension
and without rotation.

Adductor magnus
strengthening (hip adductor)

In the lateral lying position, bend the knee and hip
of the upper leg in front and raise the low leg,
keeping the knee straight.

Quadriceps strengthening
(knee extensor)

Sit with legs over the edge of the table, allowing the
knees to flex to 90∘, and slowly extend the knee to
full extension and then return the knee to the
flexed position.

Muscle flexibility
exercises

Perform daily
Repetition: hold for 10 s × 10 repetitions and repeat 3 times

Exercise Performance Clinical observation

Standing calf stretch

Stand with the heel of the foot on the ground, with
toes pointing straight ahead.
Lean forward until the calf is stretched. Use both
arms for support against a wall.

Supine hamstring muscle
stretch

In the supine position, flex the ipsilateral hip to 90∘.
Straighten the knee with a strap under the foot.
Grasp the strap by using both hands and pull until
the posterior thigh and calf are stretched.

If radicular symptoms are produced, then reduce
the intensity of the stretch.

Prone quadriceps femoris
muscle stretch

In the prone position, extend both hips and knees.
Place a strap around the ipsilateral ankle.
Grasp the strap by using both hands and bend the
knee until the anterior thigh is stretched.

Avoid lumbar hyperlordosis with back symptoms
and hamstring cramping.

Muscle flexibility
exercises

Perform daily
Repetition: hold for 90 s at each point and repeat 3 times daily

Exercise Performance Clinical observation

Lateral lying tensor fasciae latae
massage

In the lateral lying position, place a tennis ball on
the lateral surface of the thigh to produce ischemia
compression.

Pressure as pain tolerance

repeated in 3 sets: 10 repetitions with 10 seconds bilaterally as
tolerated by patients. Pain coping strategies were adopted to
ensure that increased symptoms did not persist until the next
exercise set of the day. The logbook supplied to participants
performing exercises contained detailed instructions on the
exercises. To monitor compliance, participants recorded the
number of exercises performed each day in a diary. The
compliance rate was deemed 100% if the participant had
completed 5 days of exercises per week over 6weeks (a total of
90 exercise sessions). Adherence of at least 75% is necessary
to be included in the data analysis.

2.4. Gait Analysis. The gait of patients was analyzed at
baseline and at 6 weeks after the completion of the exercise
program (follow-up). Patients walked at a self-selected pace
on an 8m walkway while infrared retroreflective markers

were attached to the posterior superior iliac spine, anterior
superior iliac spine, greater trochanters, midthighs, medial
and lateral femoral epicondyles, tibial tuberosities, fibular
heads, medial and lateral malleoli, heels, navicular tuberosi-
ties, and 2ndmetatarsal bases [8].Three-dimensional marker
trajectories and the GRF were captured using a 6-camera
motion analysis system (Vicon MX 13+ system) with a
sampling rate of 120Hz and 2 forceplates with a sampling rate
of 1080Hz.

For dynamic analysis, the pelvis-leg apparatus was mod-
eled as a 7-link system, with each link embedded with an
orthogonal coordinate system. Following the recommen-
dation of the International Society of Biomechanics, the
positive 𝑥-axis was directed anteriorly, the positive 𝑦-axis
superiorly, and the positive 𝑧-axis to the right [29]. The
rotational movements of the joints of the lower extremities



4 BioMed Research International

were described using the Cardanic rotation sequence (z-
x-y) [30]. By performing inverse dynamics, intersegmental
internal moments at the joints of the lower extremities were
calculated using the measured GRF and kinematic data, in
which the internal moments were normalized to body weight
and leg length. The mass, center of mass, and moment of
inertia of each body segment were obtained using Dempster’s
coefficients [31]. The frontal GRF was also calculated as the
resultant force vector of the vertical and M/L component of
the GRF, and the corresponding lever arm available at the
knee was calculated as the perpendicular distance between
the frontal GRF and the knee joint center. Gait variables,
including the walking speed, stride time, and step length,
were also obtained.

2.5. Objective Biomechanical Indices. The maximal value of
KAM during early stance phase was defined as the first peak
KAM. The maximal value of KAM during late stance phase
was defined as the second peak KAM. The peaks of KAM
during early (first peak at P1) and late stance phases (second
peak at P2) and the corresponding magnitude of the frontal
GRF and its lever arm available at the knee were extracted.
The joint angles and moments at the hip, knee, and ankle
joints when the first and second peak KAM occurred were
also extracted for subsequent statistical analysis.

2.6. Statistical Analyses. A Wilcoxon test was used to inves-
tigate the effect of 6-week exercise on SF-36 and WOMAC
scores and on all calculated biomechanical variables at
baseline and follow-up. A Mann-Whitney U test was used
to investigate the differences between patients with OA and
controls at baseline and follow-up.All statistical analyseswere
performed using SPSS (version 17, SPSS Inc., Chicago, USA).
All significance levels were set at 𝛼 of 0.05.

3. Results

The mean percentage of home-based exercise sessions com-
pleted was 84%. None of the participants received medica-
tion during the evaluation and training periods. Only one
participant sought a cointervention (Modality Therapist),
and the data of this patient were excluded from statistical
analysis. After the 6-week exercise program, the results of
SF-36 showed significantly lower physical functioning (𝑃𝑡 <
0.05) and pain (𝑃𝑡 < 0.05) and unchanged scores for RP,
BP, VT, SF, RE, and MH (physical role limitations: 𝑃𝑡 >
0.05; general health perceptions: 𝑃𝑡 > 0.05; energy/vitality:
𝑃𝑡 > 0.05; social functioning: 𝑃𝑡 > 0.05; and mental health:
𝑃𝑡 > 0.05). After treatment, the results of WOMAC showed
unchanged scores for stiffness, but significantly lower scores
for pain and physical function were found compared with
those obtained before treatment (pain: 𝑃𝑡 = 0.03; physical
function: 𝑃𝑡 = 0.002; and stiffness: 𝑃𝑡 > 0.05).

3.1. Objective Biomechanical Indices

3.1.1. Temporal-Spatial Parameters. Baseline evaluation of
temporal-spatial parameters of walking revealed no signifi-
cant between-group differences in step length and step width,
and the OA group displayed a longer walking time and a

∗ ∗

Knee abductor moment

BW
∗

LL
 (%

)

Patients with knee OA at baseline
Patients with knee OA at follow-up

Healthy controls

−2
−1

0
1
2
3
4
5
6

10 20 30 40 50 60 70 80 90 1000
Stance phase (%)

Figure 1: Ensemble-averaged patterns of KAM in healthy controls
(thick solid lines) and patients with knee OA at baseline (thin solid
lines) and follow-up (thin dashed lines). Vertical lines indicate the
time points when the first and second peak KAM occurred; %BW ∗
LL: percentage of leg length multiplied by body weight; ∗significant
group effects 𝑃 < 0.05.

significantly slower walking speed (𝑃𝑔 = 0.03, Table 2). After
18 exercise sessions, no significant difference was observed
in any of the calculated temporal-spatial parameters between
the groups (𝑃𝑔 > 0.05, Table 2). For the treatment effect in the
OA group, the comparison between pre- and postevaluation
time revealed a faster walking speed.

3.1.2. Joint Mechanics Variables. For the group effect at
baseline and follow-up, a significant difference was observed
in the first KAM (Figure 1 and Table 3) and its lever arm
(Table 3), whereas no difference was identified in the frontal
GRF (Table 3), andno group effectwas observed in the second
KAM, its lever arm, and the frontal GRF (Table 4). For the
treatment effect in the OA group, no significant difference
was observed in the first and second KAM and their lever
arms and theGRF between baseline and follow-up evaluation
(Tables 3 and 4).

Baseline evaluation revealed no between-group differ-
ence in the hip, knee, and ankle joint angles in the frontal
plane or in the hip and ankle joint moments in the sagittal
plane at P1 (Table 3) and P2 (Table 4). Follow-up evaluation
demonstrated that the OA group showed a significantly
increased hip external rotation moment when the first peak
KAM occurred (Table 3) and significantly increased the hip
extension angle and hip flexor moment at P2 (Table 4). For
the treatment effect in the OA group, the hip external rotator
moment significantly increased when the first peak KAM
occurred (Table 3), and the hip external rotation angle, hip
extension angle, and flexor moment significantly increased
when the second peak KAM occurred after 18 exercise
sessions (Table 4).

4. Discussion

This study evaluated the effect of a 6-week supervised
exercise program that included strengthening and stretch-
ing in patients with bilateral medial knee OA. The results
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showed that specific gait adaptations, including a significantly
increased hip flexor moment and faster walking speed, were
observed after the intervention, even though knee loading
was not reduced compared with that at baseline. Significantly
lower scores of physical function in both SF-36 andWOMAC
as well as decreased pain suggested that patients with knee
OA responded favorably to the exercise program used in the
current study.

Performing resistance lower extremity exercises can
aggravate OA knee symptoms [32, 33]. Although several
studies have included stretching in conventional therapeutic
exercise programs for patients with knee OA, these studies
have not investigated the effects of stretching exercise [12–
14, 18]. Using an exercise program that includes strengthening
and stretching for clinically managing patients with knee OA
is encouraged according to the findings of reciprocal positive
effects between 2 common complications of kneeOA, namely,
pain and dysfunction. The positive effects of exercise on
pain are multifactorial and thus difficult to delineate clearly.
A previous study showed that pain improvement was not
related specifically to one type of strengthening exercise but
wasmainly attributed to a general increase in physical activity
following a home-based exercise program [34]. Although our
patients did not receive medication for pain control, their
pain scores improved. The significantly improved physical
function displayed in the current study is consistent with the
finding in a previous study, which demonstrated improved
WOMAC functional scores after a home-based strengthening
program [13]. The underlying mechanism may have illus-
trated the possible effect of exercise on the increased of fat
and loss of protein linked to chronic inflammation in patients
with arthritis [34].

Exercise is routinely prescribed for patients with knee
OA. A systematic review reported that a general exercise
program for patients with knee OA should include strength-
ening and stretching [34]. Hence, the effect of an exercise
program that includes strengthening and stretching on pain
and physical function was determined. The present study
found that the peak KAM during walking was unchanged
after the exercise intervention, consistent with the findings
of previous studies [12–14, 18, 19, 32]. By contrast, Thorp
et al. [11] demonstrated that peak KAM decreased after a 4-
week exercise intervention specifically targeting hip abductor
strength as well as conventional quadriceps and hamstring
training. Thorstensson et al. [19] also showed that KAM
was not significantly reduced during gait but was signifi-
cantly reduced during one-leg rising after the completion of
an 8-week strengthening and functional exercise program,
suggesting that the peak KAM is more likely to be altered
during a more demanding task than during gait. Lim et al.
[14] found no significant change in KAM in patients with
medial knee OA who had varus malalignment (>5 degrees)
or neutral alignment (<5 degrees) after quadriceps muscle
strengthening. Although strengthening in the frontal plane
is necessary to counteract the varus torque and to shift the
load from the medial to the lateral compartment [11], this
mechanism does not mainly contribute to the reduction in
KAM. Because KAM is affected by the GRF and lever arm
in the frontal plane, we directly calculated the lever arm

of the GRF in the frontal plane in the current study. We
found that the higher KAM in the OA group compared
with controls was mainly attributed to the increased frontal
plane lever arm (Table 3) without increased GRF (Table 3).
Evaluation of the treatment effect revealed that the lever arm
remained unchanged after the intervention (Table 3) and
KAM was unchanged (Table 3). Apart from having reported
the commonly reported first peak KAM during the first half
of the stance phase, the current study was the first to extract
the second peakKAMduring the propulsive phase of walking
to investigate the effect of exercise on gait patterns in patients
with knee OA. According to the unchanged first and second
peak KAM,we demonstrated that the biomechanical index of
KAM tends not to be influenced by the exercise intervention
alone during gait.

For the temporal-spatial variables, the comparison
between pre- and postevaluation time in the current study
revealed an increased step length andwalking speed (Table 2).
At baseline, longer walking time (Table 2) and slower walking
speed (Table 2) were observed in the OA group compared
with controls. However, these findings were not significant
at follow-up (Table 2), indicating that the walking time
and walking speed were similar to those in controls after
the exercise intervention. The significantly greater speed
at follow-up may be associated with the relief of pain after
treatment through increased hip extension angle and
increased flexor moment (Table 4). Previous studies have
found significantly increased walking speed after a 3-month
exercise intervention in patients with knee OA [12, 33],
whereas the walking speed has been unchanged in other
studies [11, 19]. To the best of our knowledge, among studies
on the effect of exercise in patients with knee OA, only one
study included healthy individuals as a standard reference
of gait performance for comparison [18]. As walking speed
can be taken as a functionally related parameter during
walking [33], these aforementioned results and our finding
of the improved walking speed confirm the positive effect of
exercise on walking efficiency.

Although harmful KAM was not reduced after 6 weeks
of exercise, specific gait adaptations, including an increased
hip flexor moment and hip extension angle, were found at
P2 (Table 4), which may aid in the propulsive performance
required during the following push-off phase. During the ter-
minal stance phasewhen the bodyweight is shifted forward to
place the limb into the trailing posture, the body vectormoves
posteriorly to the hip joint, and the thigh is pulled into exten-
sion. Consistent with studies investigating joint mechanics
at the hip to evaluate the effect of exercise in patients with
knee OA [11, 13], exercise did not alter hip abductor moments
during walking in this study [11, 13]. We also observed a
higher hip extension angle at P2, consistent with the finding
of Thorp et al. [11]; they reported a higher excursion of the
hip flexion/extension angle with an unchanged hip abductor
moment after the exercise intervention. Few recent studies
have included 2-joint muscle stretching exercise [11, 19] and
strengthening exercise at hip and knee joints [11, 12, 19],
whichwere included in our study.Thus, our exercise program
was expected to affect proximal part joint mechanics regard-
ing hip angles and moments. Stretching exercise may also
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increase joint excursion and affect muscular activities, which
may be associated with joint moments. Notably, when the
second peak KAM occurred, the hip extension angle and hip
flexor moment increased after our exercise program, which
included strengthening and stretching the proximal part of
lower extremities. This increased hip extension and flexor
momentmay be helpful during this preswing phase according
to the tension-length relationships. In other words, when
muscles contract at longer lengths, tension partly depends
on the passive stretching of the connective tissue within the
muscle, acting in parallel with the active force generated by
the muscle fibers themselves. Thus, when muscles, including
iliopsoas and rectus femoris, are stretched more because
of increased hip extension, muscular contraction may be
maximized, and gait performance, such as gait speed, may be
improved as a consequence, as indicated in the current study
(Table 2).

Evidence has indicated that the level of patient self-
reliance required to sustain the exercise program through
a home-based program determined the exercise effect [34].
Hence, in this study,monitoring sheetswere used for the exer-
cise program to ensure a sufficient level of patient self-reliance
to sustain exercise, whichmay have been another contributor
to the identified clinical improvement. A systematic review
of the effect of the exercise type on pain and disability in
patients with knee OA suggested that optimal exercise should
be supervised and performed 3 times per week, and this
minimum exercise frequency is crucial for pain relief and
disability reduction [3]. Our daily exercise frequency was
based on another previous study that evaluated the biome-
chanical effects of muscle training in patients with medial
knee OA [11]. High patient compliance (88%) was obtained
in this study. We found that a 6-week supervised home-
based exercise intervention 5 days per week can improve
pain, physical function, and walking speed and alter the gait
pattern in patients with knee OA.

This study had several limitations. First, the lack of a
control OA group may have limited the validity of the con-
clusions of the current study.Nevertheless, the biomechanical
endpoints were nonsubjective, and these are known to be
stable over time in untreated individuals; hence, the objective
gait adaptation was likely attributed to the biomechanical
exercise intervention rather than to a placebo effect. The
current findings showed some significant changes in gait
after 6 weeks of exercise. For the first time in the literature,
the observed gait adaptation indicated the effect of exercise
on 3-dimensional joint mechanics at P1 and P2 and at the
lever arm of the GRF at the knee in patients with knee OA,
comprehensively illustrating the gait pattern before and after
exercise. Additional studies are required to determine how
long the acquired gait patterns can be maintained if exercise
is discontinued. Future studies should use larger sample sizes.
Moreover, because we only included level walking when
assessing gait patterns, additional studies that include more
challenging tasks such as staring and obstacle crossing should
be conducted. Nevertheless, based on the various exercise
types proposed in the literature, the current study was the
first to provide beneficial evidence of non-weight-bearing

strengthening without external resistance combined with
stretching exercise for patients with knee OA.

5. Conclusions

The effect of exercise on walking was investigated in patients
with bilateral medial knee OA. Although peak KAM was
unchanged, our 6-week exercise program improved pain
and physical function and altered gait patterns, producing
results such as a higher hip flexor moment and hip extension
angle with faster walking speed. This finding indicated that
the exercise program had positive effects on patients with
bilateral medial knee OA. Therefore, a supervised exercise
program that monitors the overall lower extremity muscular
conditions and includes strengthening and stretching 5 days
per week over 6 weeks may generate biomechanical benefits
with clinical improvement. Non-weight-bearing strengthen-
ing without external resistance combined with stretching
exercise improves pain and function with a higher walking
speed and altered gait patterns at the hip in individuals with
OA. Such an exercise program should thus be encouraged in
patients with bilateral medial knee OA.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contributions

Wei-Chun Hsu and Li-Fei Chen contributed equally to this
work.

Acknowledgments

The authors would like to thank Shin Kong Wu Ho-Su
Memorial Hospital for the financial support (Grant no.
SKH-8302-101-NDR-05). They would also like to thank Dr.
Hao-Ling Chen who provided research resources such as
instruments, hardware, and software for her assistance in this
study and research students Hsiu-Chen Yeh, Li-Wen Tseng,
Yi-Chan Li, Yu-An Hu, Ming-Wei Jian, Kuang-Hui Chang,
and Ya-Ting Chen who assisted in collecting the data and
labeling.

References

[1] Y. Zhang and J. M. Jordan, “Epidemiology of osteoarthritis,”
Clinics in Geriatric Medicine, vol. 26, no. 3, pp. 355–369, 2010.

[2] G. Peat, R. McCarney, and P. Croft, “Knee pain and osteoarthri-
tis in older adults: a review of community burden and current
use of primary health care,” Annals of the Rheumatic Diseases,
vol. 60, no. 2, pp. 91–97, 2001.

[3] C. Juhl, R. Christensen, E. M. Roos, W. Zhang, and H. Lund,
“Impact of exercise type and dose on pain and disability in knee
osteoarthritis: a systematic review andmeta-regression analysis
of randomized controlled trials,” Arthritis and Rheumatology,
vol. 66, no. 3, pp. 622–636, 2014.

[4] W.-L. Chen, W.-C. Hsu, Y.-J. Lin, and L.-F. Hsieh, “Compar-
ison of intra-articular hyaluronic acid injections with tran-
scutaneous electric nerve stimulation for the management of



BioMed Research International 11

knee osteoarthritis: a randomized controlled trial,” Archives of
Physical Medicine and Rehabilitation, vol. 94, no. 8, pp. 1482–
1489, 2013.

[5] T.-M. Wang, W.-C. Hsu, C.-F. Chang, C.-C. Hu, and T.-W. Lu,
“Effects of knee osteoarthritis on body’s center of mass motion
in older adults during level walking,” Biomedical Engineering—
Applications, Basis and Communications, vol. 22, no. 3, pp. 205–
212, 2010.

[6] I.-P. Wei, W.-C. Hsu, H.-L. Chien et al., “Leg and joint stiffness
in patients with bilateral medial knee osteoarthritis during level
walking,” Journal of Mechanics, vol. 25, no. 3, pp. 279–287, 2009.

[7] W.-C.Hsu, Y.-C. Jhong,H.-L. Chen, Y.-J. Lin, L.-F. Chen, andL.-
F. Hsieh, “Immediate and long-term efficacy of laterally-wedged
insoles on persons with bilateral medial knee osteoarthritis
during walking,” BioMedical Engineering Online, vol. 14, no. 1,
p. 43, 2015.

[8] T.-W. Lu, I.-P. Wei, Y.-H. Liu et al., “Immediate effects of
acupuncture on gait patterns in patients with knee osteoarthri-
tis,” Chinese Medical Journal, vol. 123, no. 2, pp. 165–172, 2010.

[9] P. E. McKnight, S. Kasle, S. Going et al., “A comparison of
strength training, self-management, and the combination for
early osteoarthritis of the knee,” Arthritis Care & Research, vol.
62, no. 1, pp. 45–53, 2010.

[10] A. E. Mikesky, S. A. Mazzuca, K. D. Brandt, S. M. Perkins, T.
Damush, and K. A. Lane, “Effects of strength training on the
incidence and progression of knee osteoarthritis,”Arthritis Care
and Research, vol. 55, no. 5, pp. 690–699, 2006.

[11] L. E. Thorp, M. A. Wimmer, K. C. Foucher, D. R. Sumner, N.
Shakoor, and J. A. Block, “The biomechanical effects of focused
muscle training onmedial knee loads in OA of the knee: a pilot,
proof of concept study,” Journal of Musculoskeletal Neuronal
Interactions, vol. 10, no. 2, pp. 166–173, 2010.

[12] K. L. Bennell, M. Kyriakides, B. Metcalf et al., “Neuromuscu-
lar versus quadriceps strengthening exercise in patients with
medial knee osteoarthritis and varus malalignment: a random-
ized controlled trial,”Arthritis and Rheumatology, vol. 66, no. 4,
pp. 950–959, 2014.

[13] K. L. Bennell, M. A. Hunt, T. V. Wrigley et al., “Hip strengthen-
ing reduces symptoms but not knee load in people with medial
knee osteoarthritis and varus malalignment: a randomised
controlled trial,” Osteoarthritis and Cartilage, vol. 18, no. 5, pp.
621–628, 2010.

[14] B.-W. Lim, R. S. Hinman, T. V. Wrigley, L. Sharma, and K.
L. Bennell, “Does knee malalignment mediate the effects of
quadriceps strengthening on knee adduction moment, pain,
and function in medial knee osteoarthritis? A randomized
controlled trial,” Arthritis Care and Research, vol. 59, no. 7, pp.
943–951, 2008.

[15] C. Slemenda, K. D. Brandt, D. K. Heilman et al., “Quadriceps
weakness and osteoarthritis of the knee,” Annals of Internal
Medicine, vol. 127, no. 2, pp. 97–104, 1997.

[16] L. Sharma, S. Cahue, J. Song, K. Hayes, Y. C. Pai, andD. Dunlop,
“Physical functioning over three years in knee osteoarthritis:
role of psychosocial, local mechanical, and neuromuscular
factors,” Arthritis and Rheumatism, vol. 48, no. 12, pp. 3359–
3370, 2003.

[17] O. D. Schipplein and T. P. Andriacchi, “Interaction between
active and passive knee stabilizers during level walking,” Journal
of Orthopaedic Research, vol. 9, no. 1, pp. 113–119, 1991.

[18] E. A. Sled, L. Khoja, K. J. Deluzio, S. J. Olney, and E. G. Culham,
“Effect of a home program of hip abductor exercises on knee

joint loading, strength, function, and pain in people with knee
osteoarthritis: a clinical trial,” Physical Therapy, vol. 90, no. 6,
pp. 895–904, 2010.

[19] C. A. Thorstensson, M. Henriksson, A. von Porat, C. Sjödahl,
and E. M. Roos, “The effect of eight weeks of exercise on knee
adduction moment in early knee osteoarthritis—a pilot study,”
Osteoarthritis and Cartilage, vol. 15, no. 10, pp. 1163–1170, 2007.

[20] D. Zhao, S. A. Banks, K.H.Mitchell, D.D.D’Lima,C.W.Colwell
Jr., and B. J. Fregly, “Correlation between the knee adduction
torque and medial contact force for a variety of gait patterns,”
Journal of Orthopaedic Research, vol. 25, no. 6, pp. 789–797, 2007.

[21] T. Miyazaki, M. Wada, H. Kawahara, M. Sato, H. Baba, and S.
Shimada, “Dynamic load at baseline can predict radiographic
disease progression in medial compartment knee osteoarthri-
tis,” Annals of the Rheumatic Diseases, vol. 61, no. 7, pp. 617–622,
2002.

[22] A. Mündermann, C. O. Dyrby, D. E. Hurwitz, L. Sharma, and
T. P. Andriacchi, “Potential strategies to reduce medial com-
partment loading in patients with knee osteoarthritis of varying
severity: reduced walking speed,” Arthritis and Rheumatism,
vol. 50, no. 4, pp. 1172–1178, 2004.

[23] T. P. Andriacchi, “Dynamics of knee malalignment,”TheOrtho-
pedic Clinics of North America, vol. 25, no. 3, pp. 395–403, 1994.

[24] T. L. Heiden, D. G. Lloyd, and T. R. Ackland, “Knee joint kine-
matics, kinetics andmuscle co-contraction in knee osteoarthri-
tis patient gait,” Clinical Biomechanics, vol. 24, no. 10, pp. 833–
841, 2009.

[25] M. Andrews, F. R. Noyes, T. E. Hewett, and T. P. Andriacchi,
“Lower limb alignment and foot angle are related to stance
phase knee adduction in normal subjects: a critical analysis
of the reliability of gait analysis data,” Journal of Orthopaedic
Research, vol. 14, no. 2, pp. 289–295, 1996.

[26] C. R.Winby,D.G. Lloyd, T. F. Besier, andT. B. Kirk, “Muscle and
external load contribution to knee joint contact loads during
normal gait,” Journal of Biomechanics, vol. 42, no. 14, pp. 2294–
2300, 2009.

[27] J. H. Kellgren and J. S. Lawrence, “Radiological assessment of
osteo-arthrosis,” Annals of the Rheumatic Diseases, vol. 16, no.
4, pp. 494–502, 1957.

[28] J. E. Ware and C. D. Sherbourne, “The MOS 36-item short-
form health survey (Sf-36): I. Conceptual framework and item
selection,”Medical Care, vol. 30, no. 6, pp. 473–483, 1992.

[29] G. Wu and P. R. Cavanagh, “ISB recommendations for stan-
dardization in the reporting of kinematic data,” Journal of
Biomechanics, vol. 28, no. 10, pp. 1257–1261, 1995.

[30] G. K. Cole, B. M. Nigg, J. L. Ronsky, and M. R. Yeadon, “Appli-
cation of the joint coordinate system to three-dimensional
joint attitude and movement representation: a standardization
proposal,” Journal of Biomechanical Engineering, vol. 115, no. 4,
pp. 344–349, 1993.

[31] W. T. Dempster, W. C. Gabel, and W. J. Felts, “The anthropom-
etry of the manual work space for the seated subject,” American
Journal of Physical Anthropology, vol. 17, pp. 289–317, 1959.

[32] L. K. King, T. B. Birmingham, C. O. Kean, I. C. Jones, D.
M. Bryant, and J. R. Giffin, “Resistance training for medial
compartment knee osteoarthritis and malalignment,”Medicine
and Science in Sports and Exercise, vol. 40, no. 8, pp. 1376–1384,
2008.

[33] H. Røgind, B. Bibow-Nielsen, B. Jensen, H. C. Møller, H.
Frimodt-Møller, and H. Bliddal, “The effects of a physical
training program on patients with osteoarthritis of the knees,”



12 BioMed Research International

Archives of Physical Medicine and Rehabilitation, vol. 79, no. 11,
pp. 1421–1427, 1998.

[34] L. Pelland, L. Brosseau, G.Wells et al., “Efficacy of strengthening
exercises for osteoarthritis (Part I): a meta-analysis,” Physical
Therapy Reviews, vol. 9, no. 2, pp. 77–108, 2004.


